1. Introduction {#s0005}
===============

Migraine is a primary headache that is characterized by mostly unilateral pulsating head pain, is aggravated by routine physical activity, and is associated with nausea and/or photophobia and phonophobia ([@bb0135]). Migraine may be accompanied by a variety of autonomic, cognitive, and emotional disturbances ([@bb0130]). Epidemiological studies have documented its high prevalence and high socio-economic and personal impact. Migraine has a 1-year prevalence of 14% in the general population ([@bb0390]) and 9.3% in China ([@bb0410]). It was ranked as the sixth greatest cause of disability worldwide in the [@bb0125]. It is generally believed that migraine is abnormal brain function that depends on the activation and sensitization of the trigeminovascular pathway ([@bb0030], [@bb0290]). Cortical spreading depression (CSD) is the electrophysiological correlate of migraine aura ([@bb0110], [@bb0300]). Questions remain, however, concerning the mechanisms of initiation, continuation, and termination of migraine.

Neuroimaging has led to advances in the understanding of primary headache mechanisms, and to better identification of the causes of headache, as well as the structures that are responsible for initiation of the pain. Co-localization of structural changes (i.e., an increase in voxel-based morphometry \[VBM\]) as well as changes in localized brain activity characterized using positron emission tomography (PET) have been found in the same area of the brain (hypothalamus) in cluster headache patients ([@bb0245]). Hypothalamus is undoubtedly crucial for the pathogenesis of the trigeminal autonomic syndromes, so anatomical co-localization of functional and structural changes (especially increase in GM) raises the possibility that the observed changes may be causal---as opposed to a consequence---of pain ([@bb0235]). Combined analysis of structural and functional changes in migraine may be urgent to elaborate the pathophysiological mechanism.

Because of the episodic nature and unpleasantness of migraine attacks, imaging during spontaneous migraine has proven difficult. Therefore, most magnetic resonance imaging (MRI) studies of migraine have focused on the migraineurs between attacks, during the so-called interictal phase. In recent years, grey matter (GM) morphology based on MR, particularly VBM, has been carried out on migraineurs. VBM involving statistical voxel-wise testing of the local concentration of GM is a whole-brain method for analysis of automatically pre-processed structural high-resolution MRI data ([@bb0085]). However, not all the studies reported entirely consistent findings. Some researchers have meta-analyzed VBM studies in migraine, but they did not combine them with functional changes and had not taken frequency of migraine attacks into account ([@bb0065], [@bb0405]).

There have been several studies on the functional changes that occur in interictal migraineurs. However, variations like nociceptive, olfactory and visual stimuli in the methods used complicate a meta-analysis of all studies showing brain regions with atypical activation in migraine sufferers ([@bb0060], [@bb0370]). Interictal cutaneous pain thresholds are lower in migraine patients compared to controls, so we chose articles used nociceptive stimuli for a meta-analysis ([@bb0360], [@bb0395]). Here, we systematically summarize and meta-analyze the voxel-wise changes and functional changes in GM in patients with migraine. Combined with previously published studies on pain disorders, we aimed to answer the following questions. i) Are there concordant structural changes in the foci (increase or decrease) in migraine? ii) Are these changes concurrent with changes in function? iii) What can be deduced from GM changes in migraine? We describe how these studies have helped our understanding of the anatomy and biology of migraine, discuss their limitations, and propose avenues for future research using MRI to study migraine.

2. Materials and methods {#s0010}
========================

2.1. Search strategy {#s0015}
--------------------

We searched PubMed and Embase for manuscripts published between January 1985 and November 2015 using the following search terms: ("MRI" OR "magnetic resonance imaging") AND "migraine" AND "structur\*" for VBM analysis. Search words: ("fMRI" OR "functional magnetic resonance imaging") AND ("migraine disorders" OR ("migraine" AND "disorders") OR "migraine") were used for functional studies. Literatures were screened from the title, abstract, intensive reading full-text. We limited the search to studies published in the English language and where the subjects were human. We also examined the references of relevant primary articles and review articles to identify studies that may have been missed in the search.

2.2. Inclusion and exclusion criteria {#s0020}
-------------------------------------

The meta-analysis included only articles (i) that evaluated the association of grey matter changes and migraine based on a case-control or cohort design; (ii) that contained information on the sample sizes, disease conditions; (iii) patients with migraine were diagnosed according to the International Classification of Headache Disorders (ICHD); (iv) reported whole-brain results of changes in stereotactic coordinates; v) nociceptive stimuli (either heat or ammonia) were used for functional studies and (vi) used thresholds for significance corrected for multiple comparisons or uncorrected with special extent thresholds. We excluded the following: a) non-original studies; b) studies in which the field of view was confined to a restricted region of the cortex; c) studies in which the comparisons between patients with migraine and healthy subjects did not include changes in GM; d) comorbidity with other diseases; e) migraine-like syndromes that were secondary to other diseases; f) articles that concerned other types of headache or a special subtype of migraine (like vestibular migraine); g) articles that reported no significant results; h) articles in which there was no healthy control (HC) group or no comparison with HC; i) studies with unspecified VBM analyses; j) grey matter functional changes due to other stimuli (like visual or olfactory) or combined with other tasks or intervention; k) only functional connectivity was conducted; l) resting-state functional studies in migraineurs; m) duplicate articles; and n) case reports. The selection process is shown as a flow chart in [Fig. 1](#f0005){ref-type="fig"}.Fig. 1Flow chart describing the study selection process. Number of publications (n) and number of individuals (N) are indicated.Fig. 1

2.3. Data extraction {#s0025}
--------------------

The two authors (ZJ and SY) independently extracted data from each study using a predefined data extraction form, any lack of clarity or disagreement was resolved through discussion. The investigators abstracted data from each study to obtain information on author, publication year, sample size, characteristics of the study population (age, gender), types of migraine, disease information and technical details (MRI scanner, region studied, timing, methods and main findings). The coordinates in each study were independently extracted according to the ALE Method.

2.4. Statistical analysis {#s0030}
-------------------------

We used Ginger ALE 2.3.5 (<http://www.brainmap.org/>) to evaluate the presence of common patterns of GM alterations. Ginger ALE is a BrainMap application that can be used to perform an ALE meta-analysis on coordinates in a Talairach or MNI space. ALE is probably the most widely used algorithm for coordinate-based meta-analyses. The approach treats activation foci reported in neuroimaging studies as spatial probability distributions centered at given coordinates rather than as single points. For each voxel, Ginger ALE estimates the cumulative probabilities that at least one study reports activation for that locus. ALE maps are then obtained by computing the union of activation probabilities for each voxel. Differentiation between true convergence of foci and random clustering is tested using a permutation procedure ([@bb0090], [@bb0170], [@bb0380]). With version 2.0, Ginger ALE switched the ALE methods from fixed effects to random effects, and incorporated variable uncertainty based on the sample size ([@bb0095]). A random effects model assumes a higher than chance likelihood of consensus between different experiments, but not in relation to activation variance within each study. During an ALE analysis, each activation focus is modeled as the center of a Gaussian probability distribution, and is used to generate a modeled activation (MA) map for each study. Where we used data that were not expressed in Talairach coordinates, these were transformed into Talairach space using icbm2tal, as implemented in Ginger ALE 2.3.5 ([@bb0175]). A very conservative threshold of P \< 0.001 was chosen, and the minimum cluster size was 100 mm^3^. All of these steps combined help to control for publication bias with regard to reported foci.

3. Results {#s0035}
==========

Lots of studies have been performed on grey matter (structural or functional) changes in migraine patients, but the results were not consistent and different areas were found in them. After a careful screen, we identified 8 clinical studies that used VBM to assess changes in GM regions in migraineurs and controls, containing a total of 390 subjects (191 patients and 199 controls). The patient group was comprised of 24 men and 167 women, where 155 cases of migraine were without aura and 36 were with aura. The control group comprised 28 men and 171 women. There were 11 subjects diagnosed as chronic migraineurs. The clinical manifestations and technical details of the structural changes on migraine are listed in [Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"}. The studies we analyzed compared the whole brain grey matter volume (GMV) of 191 migraine patients (mean age: 37.94 years), and 199 healthy controls (mean age: 36.71 years). There were no significant age or gender differences between the patients with migraine and the HC subjects (*t*-test; P \< 0.05). The relationship between changes in GMV and frequency of attack and disease duration were also performed in five out of the eight studies ([@bb0165], [@bb0195], [@bb0315], [@bb0345], [@bb0385]). Four of them assessing the correlation of GM changes with clinical data through multiple comparison or Pearson correlation test, we chose them for subtraction meta-analysis to explore the correlation of GMV changes with frequency of attack and disease duration ([@bb0165], [@bb0315], [@bb0345], [@bb0385]). As they are correlation analysis, the concept 'estimated frequency of migraine attacks (frequency of migraine attacks or duration of the disease) was used and a dichotomous grouping based on disease duration -related GMV changes may present the complete picture of development in migraine ([@bb0075], [@bb0165], [@bb0280]). Using these data, group analyses were performed between patients with migraine and HC subjects, lower estimated frequency of migraine attacks and higher estimated frequency of migraine attacks patients, respectively. Only one study included chronic migraine, and the number of migraines with aura was small; hence, a group analysis among migraine subtypes was not possible.Table 1Demographic and clinical characteristics of structural changes in migraine.Table 1First author (year)Total migraineSubgroupHCDiseaseNumber (male)Age (years)Number (male)Age (years)Number (male)Age (years)Duration (years)Attacks (per month)Attacks (h)Rocca MA (2006) ([@bb0315])16 (1)42.7MO\
9 (0)NA15 (2)38.624.81.7NAKim JH (2008) ([@bb0165])20 (3)33.97 ± 11.3MO\
15 (NA)NA33 (4)33.8 ± 10.59.8 ± 6.02.7 ± 0.921.8 ± 13.1Schmidt-Wilcke T (2008) ([@bb0340])MO\
35 (3)32.4 ± 9.2mM\
19 (0)NA31 (0)32.3 ± 12.6NANANASchmitz N (2008) ([@bb0345])28 (0)43.5 ± 8.21MO\
20 (0)44.03 ± 9.4328 (0)42.5 ± 9.3130.50 ± 11.433.5 ± 1.97NASchmitz N (2008) ([@bb0350])24 (0)45.5 ± 9.31MO\
16 (0)NA24 (0)41.5 ± 12.930.62 ± 12.233.48 ± 2.38NAValfre W (2008) ([@bb0385])27 (6)34.9 ± 8.4EM\
16 (4)32.1 ± 8.727 (7)34.9 ± 8.620.7 ± 3.811.8 ± 9.720.6 ± 8.9Maleki N (2012) ([@bb0195])20 (6)42.1 ± 3.5HF (\> 8)\
10 (3)43.9 ± 83.420 (10)41.8 ± 9.921.4 ± 3.1NANAJin C (2013) ([@bb0155])21 (5)31.2 ± 11.3MO\
21 (5)31.2 ± 11.321 (5)30.7 ± 10.510.6 ± 6.64.7 ± 2.014.1 ± 6.6[^1]Table 2Technique details of structural changes in migraine.Table 2First author (year)MRI scannerRegion studiedTimingMethodsMain findingsRocca MA (2006) ([@bb0315])3.0TWhole brainInterictalVBMReduced GM density located in the frontal and temporal lobes, increased PAG density; reduced GM density was strongly related to age, disease durationKim JH (2008) ([@bb0165])1.5TWhole brainInterictalVBMGMV reductions in the bilateral insula, motor/premotor, prefrontal, cingulated cortex, right posterior parietal cortex, and orbitofrontal cortex; GMV changes were negatively correlated with headache duration and lifetime headache frequencySchmidt-Wilcke T (2008) ([@bb0340])1.5TWhole brain (cingulate cortex, anterior insulae, thalamus, brainstem)InterictalVBMReduced grey matter density in the anterior and posterior part of the cingulate cortex and the right insular cortexSchmitz N (2008) ([@bb0345])3.0TWhole brainInterictalVBM, DTIFrontal GM density reduction; reduced FA values in the superior frontal lobe, the medial frontal lobe, the brainstem and the cerebellum; high attack frequency show reduced left parahippocampal, left superior frontal gyrus and the inferior parietal lobe GM density; long disease duration(\> 15 years) showed decreased GM density in the basal ganglia and the brainstem (medulla), decreased FA in the right frontal lobeSchmitz N (2008) ([@bb0350])3.0TWhole brainInterictalVBMReduced GM density in the right middle frontal and left inferior parietal lobeValfre W (2008) ([@bb0385])1.0TWhole brainInterictalVBMGrey matter reduction in the Right Superior Temporal, Right Inferior Frontal and Left Precentral Gyrus. Chronic migraine compared to episodic, showed a grey matter decrease in the bilateral Anterior Cingulate Cortex. A significant correlation between grey matter reduction in anterior cingulated cortex and frequency of migraine attacks was found.Maleki N (2012) ([@bb0195])3.0TWhole brainInterictalCortical thickness, volumetric comparisonsHF patients showed higher thickness in the post-central Gyrus, temporal; smaller cortical volume was observed in the cingulate cortex, insulaJin C (2013) ([@bb0155])3.0TWhole brainInterictalVBM, FCDecreased grey matter volume in: the left medial prefrontal cortex(MPFC), dorsal anterior cingulate cortex (dACC), right occipital lobe, cerebellum and brainstem, the grey matter volume of the dACC was correlated with the duration of disease in migraine patients; increased functional connectivity between the bilateral middle temporal lobe, orbitofrontal cortex, left dorsolateral prefrontal cortex and the left dACC[^2]

Five functional MRI studies used nociceptive stimuli were included to assess functional changes in the whole brain GM regions in migraine patients containing a total of 189 subjects (93 patients and 96 controls). 32 men and 61 women were contained in patient group. The clinical manifestations and technical details of the functional changes on migraine can be found in [Table 3](#t0015){ref-type="table"}, [Table 4](#t0020){ref-type="table"}. There was no significant gender difference between the migraineurs and the HC subjects (*t*-test; P \< 0.05). Age information are not available in some researches, however, gender and age were exactly matched in each study.Table 3Demographic and clinical characteristics of functional changes in migraine.Table 3StudyTotal migraineSubgroupHCDiseaseNumber (male)Age (years)Number (male)Age (years)Number (male)Age (years)Duration (years)Attacks (per month)Attacks (h)[@bb0275]11 (3)42.5 ± 11.9MO\
6 (NA)NA11 (3)42.3 ± 11.9NA4--8NA[@bb0375]20 (5)20--39MO\
13 (NA)NA20 (5)18--3712.7 ± 8.13NA[@bb0195]22 (11)NAMale (11)42.7 ± 9.322 (11)NANANANA[@bb0325]16 (8)27.83 ± 1.26MO (8)27.83 ± 1.2616 (8)27.50 ± 1.709.58 ± 1.536.83 ± 1.12NA[@bb0365]24 (5)36.2 ± 11.3NANA27 (5)33.7 ± 12.515.0 ± 9.36.5 ± 3.0NA[^3]Table 4Technique details of functional changes in migraine.Table 4StudyMRI scannerRegion studiedTimingStimulusMain findings[@bb0275]3.0TWhole brainInterictalHeatIncreased activation in migraine patients in the contralateral anterior temporal pole, the ipsilateral parahippocampal gyrus, pulvinar nucleus, periaqueductal grey and decreases in the dorsolateral prefrontal cortex[@bb0375]3.0TWhole brainInterictalAmmoniaControls showed significantly stronger activation in a brainstem area corresponding to the trigeminal nuclei[@bb0195]3.0TWhole brainInterictalHeatFemale migraineurs showed significant increased activation in paracingulate, ipsilateral superior frontal gyrus, contralateral hippocampus, parahippocampal and precentral gyrus[@bb0325]3.0TWhole brainInterictalHeatStronger activation in anterior cingulate cortex; and weaker activation in secondary somatosensory cortex and pons in episodic migraineurs than in healthy controls[@bb0365]3.0TWhole brainInterictalHeatGreater activation of lentiform nucleus, fusiform gyrus, subthalamic nucleus, hippocampus, middle cingulate cortex, premotor cortex, somatosensory cortex and dorsolateral prefrontal cortex, and less activation in precentral gyrus and superior temporal gyrus in migraineurs

Although PAG increase was found in one study ([@bb0315]), we found no overall increase in GM in patients with migraine. The ALE results showed that, compared with HC, migraine was associated with a common core set of decreases in GM volume in the bilateral inferior frontal gyri, the right precentral gyrus, the right cerebellar culmen, the left middle frontal gyrus and the left cingulate gyrus (see [Fig. 2](#f0010){ref-type="fig"} and [Table 5](#t0025){ref-type="table"}). Changes in the volume of GM in the right claustrum, left cingulated gyrus, right anterior cingulate, amygdala, and left parahippocampal gyrus were negatively related to the estimated frequency of attack (see [Fig. 3](#f0015){ref-type="fig"} and [Table 6](#t0030){ref-type="table"}).Fig. 2ALE map investigating differences in GMV between migraine patients and HC. This image summarizes the results of all the papers involved in this meta-analysis. Red colour show grey matter decreases, they include bilateral inferior frontal gyri, right precentral gyrus, right cerebellar culmen, left middle frontal gyrus and left cingulate gyrus. (ALE maps were computed at a threshold of p \< 0.001, with a minimum cluster size of K \> 100 mm3 and visualized using MRIcron). Talairach coordinates of clusters showed in this image are reported in [Table 5](#t0025){ref-type="table"}.Fig. 2Fig. 3ALE map investigating regional difference of GMV related to estimated frequency of headache attack in Migraine patients. Red colour show grey matter decreases, they include right claustrum, left cingulated gyrus, right anterior cingulate, amygdala and left parahippocampal gyrus. (ALE maps were computed at a threshold of p \< 0.001, with a minimum cluster size of K \> 100 mm3 and visualized using MRIcron). Talairach coordinates of clusters showed in this image are reported in [Table 6](#t0030){ref-type="table"}.Fig. 3Table 5Regional difference of GMV between Migraine patients and HC.Table 5Cluster no.Volume (mm^3^)Weighted center (x, y, z)xyzALE value (× 10^3^)Label1672− 2.25.840.6− 264016.268Left cingulate gyrus BA32− 20469.502Left cingulate gyrus BA24248833.4− 11.454.234− 125416.521Right precentral gyrus BA63392− 58.29.214.1− 58101431.043Left inferior frontal gyrus BA44434453.18.815.652101413.420Right inferior frontal gyrus BA445612169.479Right inferior frontal gyrus BA44484128.818Right precentral gyrus BA445810208.778Right inferior frontal gyrus BA455810248.601Right inferior frontal gyrus BA952965.3− 30.4− 24.86− 30− 2611.372Right cerebellum culmen6120− 4.241.618.7− 442189.696Left medial frontal gyrus BA9Table 6Regional difference of GMV related to estimated frequency of headache attack in migraine patients.Table 6Clusterno.Volume (mm^3^)Weighted center (x, y, z)xyzALE value (× 10^3^)Label149636.8− 15.93.436− 16415.792Right claustrum2424− 1.46.739.4− 264013.774Left cingulated gyrus B3232644.123.222.94222210.652Right anterior cingulate BA244256− 18.7− 6.7− 17.3− 20− 4− 189.541Left parahippocampal gyrus amygdala− 18− 10− 169.409Left parahippocampal gyrus BA34

In individual studies, both activated and deactivated areas were found in migraineurs. Several areas containing the bilateral lentiform nucleus, putamen and claustrum, the right precentral gyrus, the right midbrain, the right postcentral gyrus, the left limbic lobe and the left cingulate gyrus were activated in the migraine patients after ALE analysis. There were also area deactivations in the left precentral gyrus and the right superior temporal gyrus in the migraineurs (shown in [Fig. 4](#f0020){ref-type="fig"} and [Table 7](#t0035){ref-type="table"}).Fig. 4Contrast maps for nociceptive stimuli functional MRI activation. Contrast analysis of the functional differences in migraineurs versus healthy control subjects revealed significant activation (in red) and deactivation (in blue) in migraine patients. A common core set of activations are shown in the bilateral basal ganglia, the right paracentral gyrus, the right midbrain, the left limbic lobe and the left cingulate gyrus. The left precentral gyrus and the right superior temporal gyrus are deactivated in migraine patients. (ALE maps were computed at a threshold of p \< 0.001, with a minimum cluster size of K \> 100 mm3 and visualized using MRIcron). Talairach coordinates of clusters showed in this image are reported in [Table 7](#t0035){ref-type="table"}.Fig. 4Table 7Contrast analysis results for nociceptive stimuli functional MRI activation.Table 7Cluster no.Volume (mm^3^)Weighted center (x, y, z)xyzALE value (× 10^3^)LabelActivations migraine patients \> healthy controls1600− 21.8− 5.2− 29− 20− 6− 3013.068Left limbic lobe BA 36244028.8824.93082611.233Right precentral gyrus BA6320021.87.89.8208109.033Right lentiform nucleus, putamen286107.346Right claustrum511210.4− 15.6− 610− 16− 68.983Right midbrain6112− 21.30.42.1− 22028.821Left lentiform nucleus, putamen7104− 36− 19.2− 7.1− 36− 20− 88.665Left claustrum910441.1− 24.82642− 24268.632Right postcentral gyrus BA210104− 3.4− 1231.7− 4− 12328.834Left cingulate gyrus BA23  Activations healthy controls \> migraine patients4152− 16− 24.664.5− 16− 24648.972Left precentral gyrus BA4810458− 49.47.758− 5088.863Right superior temporal gyrus BA22

4. Discussion {#s0040}
=============

Initiation of a migraine attack is associated with genetic and environmental factors. Genome-wide association studies of migraine have revealed that genetics are involved in migraine ([@bb0015], [@bb0055], [@bb0120]); however, only limited variance can be explained by genetics. Environmental factors, such as stress, weather, hormonal fluctuations, sleep disturbances, meal skipping, and sensory overload, are clearly involved in migraine ([@bb0160], [@bb0180]). Whatever the cause, imaging during migraine pain has led to a shift from vascular hypotheses of migraine pathophysiology to neurovascular or central nervous system (CNS) theories.

MRI is a non-invasive procedure with the potential to determine a morphological basis of neurological diseases, as well as to investigate functional--structural relationships. In idiopathic or primary headaches, including migraine, tension-type headaches, and cluster headaches, the accepted view is that these conditions are due to abnormal brain function that occurs with normal brain structure. Patients with chronic tension-type headaches exhibit a decrease in GM volume in the structures that are responsible for transmitting pain ([@bb0330]). Data on cluster headaches describe an increase in the volume of GM in the hypothalamus which is associated with functional areas involved during acute headache attacks ([@bb0245]).

In recent years, there have been a number of studies on GM morphology using MR (especially VBM) to investigate the mechanisms of initiation, continuation and termination of migraine ([@bb0145]). Lots of researches also be conducted on GM function in migraine patients used various methods. Nevertheless, single imaging study carries several limitations, including small sample sizes, low reliability and its inherent subtraction logic which is only sensitive to differences between conditions ([@bb0105], [@bb0305]). ALE treats activation foci, assesses the overlap between foci based on modelling them as probability distributions centered at the respective coordinates and finds agreement across subject groups. Either way, single study results are driven by dataset\'s foci as well as how they are grouped. A P value is used to set a significance threshold on the ALE scores. ALE was widely applied to meta-analyze the structural and functional brain changes of various neuropsychiatric disorders, such as autism spectrum disorders, Alzheimer\'s Disease, anhedonia, idiopathic dystonia and physiological conditions, such as aging and touch ([@bb0050], [@bb0075], [@bb0080], [@bb0190], [@bb0265], [@bb0285]).

After ALE meta-analysis of structural and functional changes in the GM in migraine patients, combined with previous studies in pain disorder, our study demonstrates: i) migraine was associated with a common core set of decreases in the volume of GM in the bilateral inferior frontal gyri, the right precentral gyrus, the left middle frontal gyrus and the left anterior cingulate gyrus; changes in the volume of GM in the cingulated gyrus were negatively related to the estimated frequency of headache attack; ii) the precentral gyrus and the cingulate gyrus were also over-activated in interictal migraineurs during nociceptive stimuli; and iii)structural changes in the frontal gyrus may predispose a person to pain, and the cingulate gyrus may accumulate damage due to the repeated occurrence of migraine; functional activation in the precentral and postcentral gyrus, the limbic region, the basal ganglia and the right midbrain may be associated with pain processing and associated symptoms in migraine patients.

4.1. Changes in brain function {#s0045}
------------------------------

Brain function activation in primary headache syndromes contains two groups: areas generally involved in pain processing, such as the somatosensory, cingulate, thalamus et al.; and areas specifically activated in primary headaches, such as the hypothalamus, which is activated in cluster headache attacks ([@bb0245]). One review of stimulus-induced brain activation in migraine found atypical brain responses to sensory stimuli, an absence of the normal habituating response between attacks, and atypical functional connectivity of sensory processing regions ([@bb0370]). Migraine sensory hypersensitivities may be induced by a combination of enhanced sensory facilitation and reduced inhibition in response to sensory stimuli ([@bb0325], [@bb0365]), as well as reduced or absent habituation to stimuli interictally ([@bb0035]). They may also contribute to a transformation from episodic to chronic migraine ([@bb0270]). A concordant activation was found in the somatosensory, cingulate, limbic lobe, basal ganglia and midbrain in migraine patients in our study. All these areas are related to pain processing, modulation and associated symptoms (like emotional disturbances) in migraineurs. The activation areas of somatosensory, basal ganglia and midbrain coincided with previous studies and further confirms that activation and sensitization of the trigeminovascular pathway are involved in migraine pathophysiology ([@bb0070], [@bb0290], [@bb0355], [@bb0375]). Studies of changes in brain function during the ictal phase may improve our understanding of migraine mechanisms. Some investigators captured the onset of a migraine attack ([@bb0005], [@bb0025], [@bb0400]), and others exposed migraine subjects to attack triggers in order to initiate migraine ([@bb0010], [@bb0045], [@bb0210]). During the premonitory phase of nitroglycerin-triggered migraine attacks, the following areas of the brain were found to be activated: the posterolateral hypothalamus, the brainstem, and various cortical areas, including the occipital, temporal, and prefrontal cortices ([@bb0210]). Studies that captured the onset of migraine found an increase in the signal from the brainstem ([@bb0025]). Comparisons of ictal images with interictal scans revealed significant activation in the anterior and posterior cingulate, as well as the cerebellum, thalamus, insula, prefrontal cortex, temporal lobes, and dorsal pons during migraine ([@bb0005]). Several studies found that, following treatment of the migraine with sumatriptan and suboccipital stimulator therapy, the dorsal pons remained active ([@bb0025], [@bb0220]). Taken together, these studies show that the brainstem is continuously activated during a migraine, and that this may be specific to migraine and it may act as a 'generator' of migraine. A longitudinal fMRI study on a migraine patient found that hypothalamic activity increases towards the next migraine attack and shows altered functional coupling with the spinal trigeminal nuclei and the dorsal rostral pons during the preictal day and the pain phase ([@bb0355]). Combined with previous study, this may indicate that the real driver of attacks might be the functional changes in hypothalamo--brainstem connectivity ([@bb0210]). If there are concordant structural changes, especially increases in the GMV, these areas may be the cause of migraine.

4.2. Changes in brain structure {#s0050}
-------------------------------

MRI studies of patients with migraine have consistently shown a distributed pattern of morphological brain abnormalities characterized by regions of decreased and increased GMV ([@bb0155], [@bb0165], [@bb0195], [@bb0315], [@bb0340], [@bb0345], [@bb0350], [@bb0385]). The role of such abnormalities in the pathogenesis of this condition remains a matter of debate; histological measures, such as neuronal density, do not correlate with VBM GM probability maps ([@bb0100]), and changes in cerebral blood flow produce 'apparent' GMV changes in VBM analyses ([@bb0115]). This may reflect alterations in the dendritic complexity or changes in the number of synapses, or simply changes in water content. An increase in GMV may reflect structural brain plasticity as a result of exercise and learning ([@bb0235]). A decrease in GMV suggest that the central reorganization processes in chronic pain syndromes may involve degeneration of anti-nociceptive brain areas.

Indeed, relationships between decreases in GMV and disease duration or attack frequency have been reported ([@bb0165], [@bb0185], [@bb0195], [@bb0315], [@bb0340], [@bb0385]),which suggests that morphological brain abnormalities may be the consequence of repeated attacks. However, some changes in GMV are not correlated with clinical manifestation, suggesting that they may predispose a person to migraine ([@bb0185]). In our study, one study without significant result was excluded, it was conducted in 2003 and the possibility may be the differences existed in migraine patients included and image pre-processing procedures ([@bb0215]). We found a set of decreases in the GMV in the bilateral inferior frontal gyri, the right precentral gyrus, the left middle frontal gyrus and the left anterior cingulate gyrus in migraine. Our finding of reliable structural alterations in homologous regions associated with pain processing highlights the importance of these areas in the pathogenesis of migraine. We also found changes in GMV in the right claustrum, the left cingulate gyrus, the right anterior cingulate, the amygdala, and the left parahippocampal gyrus, which were negatively related to the frequency of headache attacks. Our result further indicate that the GMV changes related to the frequency of headache attacks may occur as a consequence of repeated brain insults during migraine attacks. Decreases in GMV in the frontal gyri were not related to the frequency of headache attacks.

The frontal cortex is one of the most important areas associated with brain abnormalities in migraine patients. The role of the frontal lobe in pain processing has been established in several recent morphological studies, including subjects with chronic back pain ([@bb0020]), fibromyalgia, irritable bowel syndrome, and phantom pain atrophy in the prefrontal cortex ([@bb0230]). It has recently been reported that significant GM atrophy of the frontal lobe is associated with migraine in pediatric patients, but is not correlated with the disease duration or frequency of attacks ([@bb0320]). A recent longitudinal MRI study using VBM investigated changes in GM related to medication withdrawal in a group of patients with medication overuse headache ([@bb0310]). Patients with clinical improvement showed a significant reversal of the changes in GM in some regions, and patients without treatment response had less GM in the orbitofrontal cortex. Another striking result is a correlation between treatment response and the orbitofrontal GMV. It appears that a decrease in GMV in the frontal gyrus may predispose a person to pain conditions, and may be predictive of poor response to treatment. However, this is not specific to migraine.

PET studies have shown that the limbic regions (the cingulate cortex, amygdala, and parahippocampal gyrus) are activated during migraine attacks ([@bb0005], [@bb0010], [@bb0220])and cluster headache attacks ([@bb0245], [@bb0240], [@bb0250]). These areas of the brain are also believed to be involved in emotional, cognitive, and autonomic functions ([@bb0225], [@bb0260], [@bb0295]). Alterations in cerebral structures that modulate the affective components of pain that are found in migraine suggest a possible neurobiological mechanism, which may explain the link between chronic migraine and psychiatric disturbances ([@bb0040], [@bb0255]). Decreases in GMV in the cingulate cortex were also found in patients with chronic back pain ([@bb0335]), chronic phantom pain ([@bb0140]), and chronic tension-type headaches ([@bb0330]). These changes are correlated with disease duration and attack frequency, and may result in brain damage accumulated due to repeated occurrences of pain-related processes, and are not specific to migraine.

For better understanding the neuroanatomical and functional brain changes in migraine patients, there are several studies performed on the concurrent functional and structural cortical alterations in migraine ([@bb0150], [@bb0155], [@bb0195], [@bb0205]). Higher thickness in the post-central gyrus in the higher frequency of attack (HF) correlated with the observed stronger functional activation, suggested adaptation to repeated sensory drive ([@bb0195]). Decreased dorsal anterior cingulate cortex was correlated with increased functional connectivity between several regions indicate that frequent nociceptive input has modified the structural and functional patterns of the frontal cortex in migraine ([@bb0155]). Concordant structural and functional changes in hippocampal in lower frequency of attack (LF) group relative to the HF and HC groups suggestive of an initial adaptive plasticity that may then become dysfunctional with increased frequency ([@bb0205]). In our study, no GMV increase was found, so the "generator" of migraine cannot been deduced. Increased activation in precentral gyrus and cingulate during nociceptive stimuli opposed to GMV decrease might represent increased effort, possibly due to disorganization of these areas and/or the use of compensatory strategies involving pain processing in migraine.

We did not find structural changes in GM in areas that were specifically activated in migraine (i.e., the brainstem, hypothalamus). However, this negative finding does not imply that the brainstem and hypothalamus are not involved in the pathophysiology of migraine. Because most of the studies included in our meta-analysis used whole-brain detection (only in one study was the brainstem subjected to a small-volume correction, but this employed a 1.5-T MRI scanner), and the GM volume of the brainstem is relatively small, we could not draw conclusions on the significance of brainstem morphology in migraine. Further studies are therefore warranted that focus on the brainstem volume using 3.0-T or 7.0-T MRI scanners in order to determine whether there are any significant changes in the volume of the brainstem. At the same time, ALE provides a way of applying statistical thresholds to large sets of coordinate data, in order to identify the most consistently-existed and reproducible loci across many studies, the result can provide a priori hypotheses for further experimental testing. However, it filters out less robust or infrequently-reported foci that may have a greater dependence on the details of individual studies. Longitudinal and combination of structural and functional imaging studies may be needed to better understand the anatomy of migraine. As animal models are available in migraine and their life spans are short, a longitudinal imaging study can also be completed in rodents and brains can be collected ex-vivo for further analysis.

4.3. Limitations of our study {#s0055}
-----------------------------

First, we consider limitations that are common to imaging studies. There are no established protocols for imaging studies, and image pre-processing procedures, such as smoothing, registration, the choice of small volume corrections, imaging modalities, and data analysis, differed among studies. The headache characteristics (i.e., attack frequency and disease duration) as well as the HC choices were also inconsistent.

Our meta-analysis was subject to publication bias because unpublished studies and studies without any significant clusters reported were not included, the studies were limited to those published in English and where the subjects were human. The ALE meta-analysis was based on pooling of stereotactic coordinates with significant differences rather than on the raw data from the included studies; this may have limited the accuracy of the results. Nevertheless, previous studies suggested that no individual study could significantly bias the results of ALE meta-analyses after including the sample size and number of reported foci into ALE algorithm, changing from fixed-effects to random-effects inference, and revising for multiple comparison correction ([@bb0095], [@bb0090], [@bb0380]). The inclusion criteria for fMRI were nociceptive stimulation in order to allow for analysis, regardless of stimulation site or stimulus type (e.g., hand, forehead, heat, and ammonia). The result makes clear that the simultaneous activation and deactivation of the relevant regions are implicated in responses to a range of nociceptive stimuli. The sex ratio was not concordant with the prevalence of migraine, and sex differences in brain structure may be present ([@bb0200]). There were few chronic migraineurs, and the sample may not be broadly representative of migraineurs overall. Migraineurs frequently have several comorbid conditions (e.g., anxiety and mood disorders, altered lifestyles, and drug use that might directly contribute to morphological changes); this was not considered in our study.

5. Conclusion {#s0060}
=============

Whole-brain VBM studies identified consistent widespread reduction in the GMV in migraine, specifically in the frontal cortex and the cingulate gyrus. The cingulate gyrus and the parahippocampal gyrus were related to the estimated frequency of headache attacks. Frontal cortex and cingulate gyrus were over-activated in interictal phase during nociceptive stimuli. These changes in GM may be related to the mechanisms of pain processing and the associated symptoms of migraine, such as cognitive dysfunction, emotional problems, and autonomic dysfunction. Changes in the frontal gyrus may predispose a person to pain conditions. The limbic regions may accumulate damage due to repeated occurrences of pain-related processes. Further studies are required to determine how these changes can be used to monitor disease progression or exploited in therapeutic interventions.

Appendix A. Supplementary data {#s0065}
==============================

Supplementary material 1Structural neuroimaging data in NIFTI format.Image 1Supplementary material 2Structural neuroimaging data related to headache durations in NIFTI format.Image 2Supplementary material 3Functional neuroimaging data in NIFTI format.Image 3Supplementary material 4Structural interactive plots.Image 4Supplementary material 5Structural interactive plots related to headache durations.Image 5Supplementary material 6Functional interactive plots.Image 6
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[^1]: HC: healthy control; MO: migraine without aura; NA: not available; mM: menstrual migraine; EM: episodic migraine; HF: higher frequency.

[^2]: VBM: voxel-based morphometry; GM: grey matter; DTI: diffusion tensor imaging; GMV: grey matter volume; FC: functional connectivity.

[^3]: HC: healthy control; MO: migraine without aura; NA: not available.
